Background: The lack of effective treatment for Alzheimer's disease (AD) stems mainly from the incomplete understanding of AD causes. Neuroinflammation has emerged as an important component of AD pathology, and a vast number of experimental and clinical data indicated a crucial role for the activation of the innate immune system in disease promotion and symptom progression.
Background
Alzheimer's disease (AD) is the most common type of dementia that affects millions of people around the world. Age is one of the most important non-modifiable risk factor of AD; thus, the disease primarily affects the elderly [1] . It should be noticed however that neurodegenerative changes can commence at any age [2] . Aging is a complex process, depending on many lifestyle and environmental factors and genetic and epigenetic events occurring in various types of cells and tissues throughout life [3] . Significant feature of organismal aging is an aging of the immune system called "immunosenescence" that in consequence leads to both an impaired adaptive and innate immune response [4] . During aging of the innate immune system, inflammatory responses are dysregulated, which may lead to an exertion of proinflammatory milieu in humans. In the case of such chronic inflammation, an innate immune activation may be impaired, especially in response to pathogens [5] . The consequences of failure in the innate immune response have potential implications for age-associated chronic inflammatory conditions, including AD [6, 7] .
Peripheral blood leukocytes (PBLs) resistance to viral infection was found to be an indicator of the innate immune system condition. The strongest PBLs resistance to viral infection was observed ex vivo, and it is maintained in vivo as one of the innate immunity reactions in the healthy organism [8, 9] . To evaluate the level of PBLs resistance, a test based on vesicular stomatitis virus (VSV) replication in freshly isolated PBLs (ex vivo) was designed [8] . The sensitivity of PBLs to VSV infection is an indicator of the condition of the immune system. Lack of VSV replication, 0-1 log TCID 50 (tissue culture infectious dose), indicated a high level of innate immunity which was described as a complete resistance. A low level of VSV replication (2-3 log) was denoted as a partial resistance. A high level (≥ 4 log) indicated deficiency in innate immunity. As previously reported, an innate antiviral immune response of PBLs is age-related and individually differentiated [10] . It was also shown that PBLs' sensitivity to VSV infection (deficiency in innate immunity) is very high among patients with frequent incidence of herpes labialis upper respiratory tract infections [8] , as well as in cancer patients and patients with AD [10] . The target cells of VSV replication are monocytes and monocyte-derived dendritic cells (MDDCs). Virus induces strong activation of innate mechanisms with upregulated expression of retinoic acid-inducible gene I (RIG-I)-like receptors (RLRs) and IFN-stimulated genes (ISGs), as well as stimulation of several cytokine and chemokine production such as TNF-α, IFN-α, and IP-10 [11] . It was shown previously that the whole PBLs are the best model for the assessment of the innate immune system condition [12] .
Although VSV infects only monocytes [11] , the role of the other immune cells in response to viral infection cannot be diminished. The most important feature of this mechanism is cytokine networking. Cytokines produced by one type of innate immune cells initiate the cascade of events to restrict viral infection, and in a consequence, they also influence the other immune cells. Therefore, among the whole population of leukocytes, the regulation mechanism exists and the degree of resistance measured in the whole PBLs is the most informative and repeatable [12] . Several therapeutics with potential immunoregulatory activity was studied, such as donepezil, extract of Gingko biloba, and flavones from Scutellaria baicalensis. Their strong ability to increase PBLs resistance to VSV infection (to increase innate immunity) of healthy donors as well as influence on cytokine production has been established already [13] [14] [15] .
In relation to a still growing number of patients with AD, understanding the immune-related mechanisms of the disease and searching for compounds that have potency to modulate immunological deficits in this group of patients seem to be fully justified. AD belongs to the group of diseases that cause the highest mortality in people all over the world; therefore, developing more effective treatments that could increase the expectancy and quality of life of afflicted is highly recommended [16] . We expected that positive results on innate immune reactions in AD patients may be obtained with treatment with proline-rich polypeptide complex (PRP) isolated from bovine colostrum, which is considered as a promising nutraceutical intended to boost an immune system [17, 18] . PRP isolated from ovine colostrum has been shown to influence the kinetics of VSV replication and possess immunoregulatory properties, including effects on humoral and cellular immune responses; shows regulatory activity in Th1 and Th2 cytokine induction; and has the ability to inhibit the overproduction of reactive oxygen species (ROS) and nitric oxide (NO) [19] [20] [21] . This suggests a possible positive influence on AD patients. The positive impact of PRP on cognitive functions has been shown in several clinical trials [21, 22] . To date, no in vivo study investigating the influence of PRP treatment on innate immune reactions in AD patients has been reported.
In our study, two reactions of innate immunity were examined, i.e., ex vivo PBLs resistance to viral infection, and cytokine production by PBLs from AD patients before and after PRP treatment. This paper presents for the first time very interesting results that support the hypothesis of impaired immune response of PBLs (deficiency in innate immunity) among AD patients and indicate PRP as a potent agent that can modulate immunological responses in this group.
Materials and methods

Study design
A before-after study was conducted with participation of AD patients to evaluate the impact of proline-rich polypeptide complex (PRP) on innate immune response in AD patients.
Patients and blood samples
The study comprised of 25 participants (16 females, 9 males) aged 43-79 years. Participants include patients under the care of the Department of Psychiatry of the Medical University in Wroclaw, Poland. Patients did not receive any anti-dementia and other drugs during the study as well as any other immunomodulators. Among the patients, no infectious diseases occurred in the 3 period months before the inclusion to the study Peripheral venous blood was obtained from all subjects and collected in tubes containing anticoagulant EDTA for future investigations of two mechanisms of innate immunity. Additional blood samples were collected for Creactive protein (CRP) measurement before and after PRP treatment.
Clinical examination
The baseline examination included psychiatric and neurological examinations, as well as laboratory tests, electroencephalographic (EEG) examinations, and computer tomography (CT) or magnetic resonance imaging (MRI) structural studies. The Mini-Mental State Examination (MMSE) was used for the screening of dementia. All patients enrolled in the study met DSM V and NINCDA-ADRDA criteria for probable AD dementia. A diagnosis of AD is made when specific symptoms are present and by making sure other causes of dementia are not present, including anemia, brain tumor, chronic infection, intoxication from medication, severe depression, stroke, thyroid disease, and vitamin deficiencies. CT and MRI of the brain were performed as well to look for other causes of dementia, such as brain tumor or stroke. Semistructered interview with the patient and informant, physical exam, evaluation of neurological status, and psychiatric exam were obtained. Vital signs and blood screening labs (hematology, chemistry panel, urinalysis, B12, TSH) were collected. Exclusion criteria were as follows: patients older than 90 years; any significant neurological disease such as Parkinson's disease, multi-infarct dementia, Huntington disease, normal pressure hydrocephalus, brain tumor, progressive supranuclear palsy, seizure disorder, subdural hematoma, and multiple sclerosis; or history of significant head trauma followed by persistent neurologic defaults or known structural brain abnormalities; MRI scan with evidence of infection, infarction, or other focal lesions; subjects with multiple lacunes or lacunes in a critical memory structure; psychiatric disorder/psychotic features: major depression, bipolar disorder, agitation or behavioral problems within the last 3 months, and history of schizophrenia; alcohol abuse, history of alcohol or substance abuse or dependence within the past 2 years; any significant systemic illness or unstable medical condition; clinically significant abnormalities in B12, RPR, or TSH; and current use of specific psychoactive medications (e.g., certain antidepressants, neuroleptics, chronic anxiolytics, or sedative hypnotics). Patients were excluded if they did not agree to respond to the test questions and/ or if they had life-threatening diseases other than AD.
Proline-rich polypeptide complex (PRP) treatment
Twenty-five AD patients were treated with PRP preparation (Recognizin prp, dietary supplement, provided by Le Loch Healthcare, Poland). Each patient took 1 tablet that contains 120 μg of PRP every day for 4 weeks (oral administration). After the end of the study period, final results for 20 patients, before and after 4 weeks of PRP treatment, were completely collected and analyzed. Five patients were excluded due to incidents not related to the study that is serious injuries or diseases (e.g., ischemic stroke) that occurred during the study.
Virus and cell line
A wild-type Indiana VSV (vesicular stomatitis virus, Rhabdoviridae) serotype was originally obtained from Dr. C. Buckler (National Institutes of Health, Bethesda, MD, USA). VSV was grown and titrated in L 929 cells. The titer was expressed with reference to the TCID 50 (tissue culture infectious dose) value, based on the cytopathic effect caused by this virus in approximately 50% of infected cells.
L 929 (ATCC CCL1), a murine fibroblast-like cell line, was maintained in complete RPMI 1640 medium (IIET, Wroclaw, Poland) with antibiotics (100 U/mL penicillin and 100 μg/mL streptomycin), 2 mM L-glutamine, and 2% fetal bovine serum (FBS) (all from Sigma-Aldrich, USA).
Isolation of peripheral blood leukocytes (PBLs)
PBLs were isolated according to a standard protocol from peripheral blood by gradient centrifugation in Gradisol G (Aqua-Med, Łódź, Poland) and maintained in RPMI 1640 medium (IIET, Wroclaw, Poland) with antibiotics (100 U/mL penicillin and 100 μg/mL streptomycin), 2 mM L-glutamine, and 2% FBS (all from SigmaAldrich, USA).
Determination of resistance/level of innate immunity of PBLs
Resistance/innate immunity was determined by in vitro infection of leukocytes (1 × 10 6 cells/ml) with a VSV dose of 100 TCID 50 . After 40 min of adsorption at room temperature (rt), the virus was washed out three times with 5 ml of RPMI medium and the cells were suspended in 1 ml of RPMI medium with 2% FBS. A sample of the infected cells was kept at 4°C and served as a control of the starting level of the virus. The rest of the cells were incubated at 37°C, and samples of medium above the infected cells were collected after 24 h and titrated in L 929 cells. The titer of virus was expressed in TCID 50 . Resistance of PBLs to VSV infection was assessed according to a method described earlier [23] ; a VSV titer ≥ 4 log TCID 50 was considered as a lack of resistance (deficiency in innate immunity), a titer of 2-3 log indicated partial resistance, and a titer of 0-1 log indicated complete resistance to VSV infection (high level of innate immunity).
Cytokine measurement
The levels of IL-10, IL-1β, IFN-γ, and TNF-α in supernatants from uninfected and VSV-infected leukocytes were detected using enzyme-linked immunosorbent assay (BD OptEIA TM human IL-10, IL-1β, IFN-γ, or TNF-α enzyme-linked immunosorbent assay (ELISA) set, BD Biosciences). The optical density was measured at 450 nm with λ correction of 570 nm using a Multiskan RC spectrophotometric reader (Thermo Labsystems, USA). Cytokine concentrations were expressed in picograms per ml.
MTT assay for cell viability and proliferation
The MTT assay is the enzyme-based method, which use the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide as a reductive coloring agent. PBLs (1 × 10 6 cells/ml) were cultured in 96-well plates in the presence of PRP (120 μg/ml) for 48 h at 37°C in a humidified atmosphere with 5% CO 2 . After 48 h, 20 μL of MTT solution (5 mg/ml) (Promega, Madison, WI, USA) was added to each well, and the microplates were kept at 37°C/5% CO 2 for 3 h. Then, the solubilization/stop solution containing SDS-HCl (10% SDS, 0.01 M HCl) (100 μL/well) was added, and the absorbance values of the wells were measured at 570 nm using a 96-well plate reader (Multiskan RC spectrophotometer, Thermo Labsystems, Waltham, MA, USA).
Analysis of distribution of PBLs' subpopulations
The whole blood culture (WBC) was established in a 24-well flat bottom (Costar, Cambridge, USA). Peripheral venous blood was diluted 1/5 with RPMI medium with 2% FBS. Next, diluted blood was treated with PRP (120 μg/ml) or medium only and incubated at 37°C/5% CO 2 . After 24 h of incubation, analysis of distribution of PBLs' subpopulations was performed with a hematology analyzer Mythic18 (Orphee, Cormay).
1D-SDS-PAGE electrophoresis
One-dimensional SDS-PAGE electrophoresis described by Laemmli [24] was performed for proline-rich polypeptide complex (PRP) separation and estimation of protein molecular weights. Suspension of 30 mg PRP in sample buffer (1 M Tris-HCl, 2% SDS, 10% glycerol, 5% β-mercaptoethanol, bromophenol blue) was boiled for 5 min and loaded onto 12.5% polyacrylamide gel. Amersham LMW-protein marker was provided by GE Healthcare. Electrophoresis was performed with using Biometra Minigel-Twin. Proteins were stained with Coomassie brilliant blue G-250/R-250 (Serva) and visualized by using Bio-Rad Gel Doc™ XR+.
Statistical analysis
Relation between PBLs resistance (innate immunity), MMSE, cytokine levels, and therapeutic effect after 4 weeks of PRP treatment was tested with linear contrast in ANOVA scheme and the Student t test for paired groups. All measures was transformed to logarithmic scale at natural base, i.e., x´= ln x. Effect of PRP treatment for ith patient was described as ratio i ¼ ln
. Expected value of the ratio (i.e., mean value for a group) was calculated as
7183 is the base of natural logarithms. As a measure of effect size r effect size , correlation statistic was used, where r effect size = ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi F contrast F contrast þdf within q and df within are degrees of freedom within groups; F contrast has one degree of freedom in nominator. Statistic r effect size is interpreted as adjusted correlation between two variables (dependent and independent) after one adjusted for both any non-contrast between-group variation and withingroup variation and r effect size ϵ [0,1]. All tested hypotheses were formulated a priori, during the study design. We avoided performing too many and unnecessary statistical comparisons. In case of the effect of PRP treatment, null hypothesis H0 for cytokines was H0 : m ≥ 1 opposite the alternative H1 : m < 1, where m is defined above. We expect that PRP will decrease the inflammatory response of PBLs so the levels of the investigated cytokines also decrease. Percent of change after treatment was calculated as Change (%) = m × 100 − 100. Influence of PRP treatment on PBLs proliferation was reported as the mean of 5 means, where every single mean was computed based on n = 8 independent measurements (N = 40). ANOVA for PRP treatment after 24 h according to PBLs distribution in randomized block design (blood sample/donor as block) was used. Changes in number of cells were a response, i.e., difference between PRP treatment after 24 h and without PRP treatment after 24 h (main effect: type of cells). Sum of squares for the main effect was divided into two orthogonal contrasts: (c1) difference between mean changes in the population of leukocytes and monocytes and (c2) difference between leukocytes and monocytes (pooled) and granulocytes. Homogeneity of variances was tested with Fligner-Killeen test. Power of the one-sided T test, as a probability that the test will reject the null hypothesis if the cytokine level decreases at least − 50%, was also calculated at α = 0.05. Table 1 contains characteristics of the patients included in the study and assessment of PRP treatment on innate immune response of PBLs. There were 13 females and 7 males among 20 participants of the study. MMSE score was evaluated (median 19) , and patients were classified as mild AD (5 subjects; 25%), moderate AD (7 subjects; 35%), and serious AD (8 subjects; 40%) based on DSM V criteria. Body mass index (BMI) was also estimated and median was 22.5 (normal range 18.5-24.9). The correct BMI range is important seeing that an excess of adipose tissue constitutes an additional source of inflammatory mediators. Moreover, serum levels of CRP were estimated before and after PRP treatment. Among the subjects, 17 showed a correct CRP level in the range of 0-5 mg/l and 3 patients were above the normal range before the study; however, elevated CRP values were small and patients were assessed as healthy without chronic diseases. After the end of the study, CRP of 19 patients was in the normal range, one was slightly elevated.
Results
Study group
Impaired innate immune response of PBLs of Alzheimer's disease patients correlates with the clinical severity of the disease
To determine the resistance/innate immunity of PBLs obtained from AD patients ex vivo to VSV infection, the VSV titers were assessed in the collected supernatants after 24 h of leukocyte incubation. We observed significant differences in PBLs resistance among AD patients; however, as showed in Table 2 , most of them were characterized with partial or deficient PBLs resistance to viral infection (2-3 log or ≥ 4 log). Results are presented in Fig. 1 . Table 2 presents all means and standard deviations for MMSE in four groups of patients in relation to the PBLs resistance (level of innate immunity) measured with TCID 50 . Based on the results shown in Table 2 , we conclude that there is a clear and strong relation between innate immunity of PBLs and MMSE score in AD patients. Stronger innate immunity of PBLs correlated with a higher score of MMSE and better mental status of the patients, and vice versa. We can see that the mean of the MMSE score in patients with very good innate immunity/complete PBLs resistance to VSV infection (0-1 log) is 21 points, whereas the mean of MMSE in patients with very low/deficiency of PBLs resistance/innate immunity (≥ 4 log) is only 14.4 points which is defined as a serious stage of AD (according to the DSM V criteria). Relations described above are not accidental (F contrast = 7.67, df = 1;16; p = 0.0136). Statistic r effect size = 0.56 is a true correlation between the level of the innate immunity of PBLs and the mean of the MMSE after we adjusted for both non-contrast between-group variation and within-group variation. This effect size is interpreted as medium on Cohen's statistical effect size scale.
PRP treatment enhances resistance/innate immunity of PBLs of AD patients
After 4 weeks of PRP treatment, PBLs of all patients were isolated and divided into groups-cultured uninfected and infected with VSV. Next, VSV titer was assessed in the collected supernatants after 24 h of leukocyte incubation. Based on the results from Table 2 , we can conclude that after PRP treatment the resistance/level of innate immunity of PBLs from AD patients (F contrast = 12.91, df = 1;16, p = 0.0024) increased. This effect was more evident among patients with very low resistance/innate immunity of PBLs (4-4.5 at t = 0, mean difference = − 2) and less marked in patients with partial resistance/innate immunity of PBLs (2-2.5 score at t = 0; mean difference = − 0.25). This indicates that PRP treatment had a potency to increase the resistance/level of innate immunity of PBLs and these benefits were most meaningful among patients with high severity of AD (moderate and serious AD according to DSM V criteria). The effect was more than medium on Cohen's statistical effect size scale, i.e., r effect size = 0.66. This statistic is correlation coefficient between the effect of 4 weeks treatment with PRP on the level of innate immunity of PBLs (t = 1) and the level of innate immunity of PBLs before Q1, Q3-1st and 3rd quartile; * median treatment (t = 0) after adjusting between-group variation sources and within-group variation sources not linked to this relation. In the case of 15 of 20 patients, an increase of resistance/innate immunity of PBLs was observed, and it was 75% with CI95 (52.8%; 88.7%). These results confirmed that in patients whom PRP treatment had a positive impact on innate immunity of PBLs (increase PBLs resistance to VSV infection), the effect is higher than 50%. All results are presented on Fig. 1 .
Cytokine production by PBLs differs among AD patients
Next, we examined the cytokine profile (TNF-α, IFN-γ, IL-1β, and IL-10) produced by PBLs of AD patients with different levels of resistance/innate immunity. PBLs from table) . In addition, the mean of the innate immunity of PBLs at t = 0 (before PRP treatment) and t = 1 (after PRP treatment) and differences between t = 1 and t = 0 are shown Table 2 all subjects were divided into two groups, with complete resistance (VSV titer 0-1 log) and partial or lack of resistance (VSV titer ≥ 2 log). We noticed statistically significant changes in the concentration of TNF-α and IL-1β between these groups in spontaneous and VSVinduced cytokine production. The most significant effect was observed for spontaneous TNF-α production. Mean level of TNF-α among PBLs with complete resistance was 274.06 pq/ml, whereas in those with partial or lack of resistance it was 19.56 pq/ml, about 14 times more. The effect was more than medium on Cohen's statistical effect size scale, i.e., r effect size = 0.592. Furthermore, 2 times more in spontaneous IL-1β production was detected among PBLs with complete resistance compare to PBLs with partial or lack of resistance. The effect size was medium on Cohen's statistical effect size scale for IL-1β, i.e., r effect size = 0.458. Interestingly, spontaneous IL-10 production also differs among AD patients. The mean level of IL-10 among PBLs with complete resistance was 247.99 pq/ml, whereas in those with partial or lack of resistance it was 69.27 pq/ml (4 times less). However, the large spread of data probably caused the results to be scarce but beyond statistical significance. We did not observe any differences in spontaneous IFN-γ production among PBLs of AD patients. All data are presented in Fig. 2 .
Similarly, statistically significant differences in VSVinduced TNF-α, and IL-1β production by PBLs of AD patients were observed. It was noticed that the level of TNF-α production by VSV-induced PBLs with complete resistance (mean level = 432.15 pq/ml) was more than 8 times higher compared to that of PBLs with partial/deficiency of resistance (mean level = 53.94 pq/ml). The effect size was medium on Cohen's statistical effect size scale for both TNF-α, r effect size = 0.520, and IL-1β, r effect size = 0.395. Surprisingly, no differences were detected in VSV-induced IFN-γ production by PBLs depending on the PBLs resistance/innate immunity.
Among PBLs from AD patients, all cells, regardless of resistance to VSV infection/level of innate immunity, have responded with increased TNF-α production after VSV infection. Similarly, higher amounts of IL-1β after VSV infection were observed but only among PBLs with partial/ deficiency of resistance. PBLs with complete resistance produced a comparable amount of IL-β spontaneously and after VSV infection. It seemed that generally, PBLs from AD patients with complete resistance to VSV infection produced large amounts of IL-1β, and VSV induction was not able to increase it more. Reverse effect was noticed for anti-inflammatory IL-10, where leukocytes obtained from all patients were characterized with a lower level of IL-10 production after VSV infection.
PRP treatment decreased cytokine production by PBLs of AD patients
Next, we investigated the effect of PRP treatment on spontaneous and VSV-induced cytokine production by PBLs of AD patients. Although we observed a great Fig. 2 Cytokine profile of PBLs of AD patients before PRP treatment (t = 0). Changes in spontaneous and VSV-induced cytokine production by PBLs depending on the PBLs resistance/level of innate immunity. Freshly isolated PBLs (1 × 10 6 /ml) from blood samples of AD patients before PRP treatment were divided in two groups. One was cultured uninfected and second was infected with VSV (10 2 TCID 50 /ml). After 40 min of VSV adsorption at RT, PBLs were washed with culture medium. All cells were next incubated at 37°C for 24 h. Samples of medium above cultured uninfected (spontaneous cytokine production) and VSV-infected PBLs were collected for cytokine measurement with ELISA. Results have been analyzed with the Student t test for two groups on log-transformed data increase in PBLs resistance/innate immunity after PRP treatment, there was no direct correlation of this effect with changes in investigated cytokine production (Table 3) . However, what is noteworthy finding, generally after 4 weeks of PRP treatment, the average level of measured pro-and anti-inflammatory cytokine production by PBLs of all AD patients decreased. The most pronounced effect was observed for IL-1β (respectively spontaneous production decrease by 34.2%, VSV-induced by over 52.8%) and for IL-10 (respectively spontaneous production decrease by 71.2%, VSV-induced by 75.4%). Data are collected in Table 3 . The same tendency was observed for TNF-α and IFN-γ, i.e., spontaneous TNF-α production by PBLs decreased by 25.3% and VSV-induced by 40.7%, and spontaneous IFN-γ production by PBLs decreased by 17.9% and VSV-induced by 8.4%. Lack of statistically significant results for TNF-α and IFN-γ production were due to a low number of subjects included into the study compared to high betweenindividual variability of this cytokine among the population. As a result, the test has too low power to recognize the observed difference as significant (power estimated in this case was 0.145 and 0.299 in case of spontaneous and VSV-induced samples, respectively). It is worth to mention that even if the observed difference would be statistically significant in case of a higher sample size, the value of this difference remains unchanged and smaller compared to IL-1β and IL-10. The same conclusion applies to IFN-γ, where a potential effect of the PRP is even smaller (− 17.9% and − 8.4% in case of spontaneous and VSV-induced production, respectively). Reduction of cytokine production by all investigated PBLs is shown in Fig. 3 . There were no differences in cytokine production depending on the MMS score.
Influence of PRP on the distribution of PBLs' subpopulations
Based on the aforementioned results, it was interesting to specify the potential effect of PRP on the distribution of PBLs' subpopulations. First, the influence of PRP on PBLs proliferation was measured (Additional file 1). Five independent experiments with 8 repetitions each were performed. We observed that PRP does not affect PBLs proliferation. From Table 4 , we can see that the average absorbance for PBLs culture (control) is 0.303 and the average absorbance for PBLs after PRP treatment is 0.311 (p = 0.592). This relevant observation showed that Table 3 Spontaneous and VSV-induced cytokine production by PBLs of AD patients (n = 20) after PRP treatment. General impact and data grouped by MMSE score are present. Means of ratio of the cytokine levels (before/after PRP treatment) are presented for all levels of the MMSE score. Virus effect was considered as the ratio of VSV induced and spontaneous. ANOVA linear contrast was used to test relationship between MMSE and virus effect (F-test means the correlation coefficient between ratio of VSV-induced and spontaneous and MMSE means both non-contrast between-group variation and the within-group variation are incorporated; ** statistically significant Fig. 3 General average level of spontaneous and VSV-induced cytokine production by PBLs of AD patients after PRP treatment (t = 1). Freshly isolated PBLs (1 × 10 6 /ml) from blood samples of AD patients after PRP treatment were divided into two groups. One was cultured uninfected and second was infected with VSV (10 2 TCID 50 /ml). After 40 min of VSV adsorption at RT, PBLs were washed with culture medium. All cells were next incubated at 37°C for 24 h. Samples of medium above cultured uninfected (spontaneous cytokine production) and VSV-infected PBLs were collected for cytokine measurement with ELISA. Results has been analyzed with the Student t test for pairs Table 4 Distribution of leukocytes with basic statistics at time T = 0 (PBLs without PRP treatment, control), after 24 h of PBLs culture without PRP treatment (control) and after 24 h of PBLs culture with PRP 120 μg/ml (N = 21). Difference = PRP_24h -Control_24h. For ANOVA, see Additional file 2: Table S1 . Additionally, the influence of PRP on PBLs proliferation was reported as the mean of 5 means, where every single mean was computed based on n = 8 independent measurements (N = 40) Table S1 ** This is standard deviation of five mean differences (not difference between two SD)
PRP did not exhibit a pro-proliferative activity (Additional file 2: Figure S1 ). It was showed, however, a significant influence of PRP on the distribution of PBLs' subpopulations. Seven independent experiments with blood samples from AD patients were performed. From Table 4 , we can see that PRP did not affect leukocytes' subsets in the same way (n = 7, p = 0.000122). We noticed that the treatment decreased the number of lymphocytes and monocytes (about 8 and 6 percentage points, respectively) and increased the number of granulocytes by an average of 14 percentage points. There was no difference between lymphocytes and monocytes after PRP treatment; the degree of reduction was the same (p = 0.8158) and differed from an increase of the number of granulocytes (p = 0.00003). Results are presented in Fig. 4 .
Discussion
Despite decades of research, the causes of AD still remain unclear. The psycho-neuroinflammatory theory suggests that inflammation may play a key role in psychiatric disorders in the elderly. Recent scientific reports supply many data that emphasize the central role of impaired immune response and inflammation in AD, with the influence of cytokines in the regulation of neurodegenerative processes [25] . AD is considered as a systemic disease that affects inflammatory reactions in the brain as well as in the periphery, and it is suggested that increased peripheral inflammation leads to more neurodegeneration [5] . It is postulated that peripheral immune cells infiltrating the brain are an additional source of inflammatory markers and indicate systemic inflammatory processes which may be related directly or indirectly to AD risk [26, 27] . Chronic inflammatory response in the periphery, increasing with age, and aged-related infections may also contribute to the disease progression with pathological changes seen clinically and lead to the development of overt clinical AD. It is pointed that the activation status of peripheral innate immune cells should be considered as an early biomarker of brain pathology. Therefore, modulation of these cells might be also a promising tool for modifying AD progression [28] . However, there are many conflicting studies about the association between markers of inflammation and risk of dementia [29] . Recently published systematic review and meta-analysis evaluated the peripheral levels of proinflammatory markers including IL-1β, IL-6, TNF-α, and CRP between the elderly with AD and controls without any psychiatric disorder. It was showed that the elderly with AD did not have higher peripheral inflammatory markers [30] . Nevertheless, there are some studies on the peripheral IL-6 that may be a useful biological marker to correlate with the severity of cognitive impairment [31] . It is possible that this inconsistency may be attributed to the complex and overlapping relationship between inflammatory markers and AD. Moreover, difference in researchers' findings might be related to study design, characteristics of participants, or incorrect data analysis. Nonetheless, we can investigate peripheral immune cell activation and response and then conclude Table 4 on their condition and capacity to generate inflammatory response. Inflammatory pathways are altered in the periphery in AD, and peripheral immune cell responses reflect inflammatory mechanisms better in comparison to the serum/plasma. They are displayed on the central nervous system (CNS) metabolites absorbed daily into the blood through the blood-brain barrier (BBB) as well as on other harmful stimuli including infections [32, 33] . Moreover, it is most likely that an increased level of inflammatory markers is not constantly maintained in the plasma of patients with AD.
As the first line of defense of the body against different environmental hazards, innate immunity plays a central role in many inflammatory and infectious diseases. It is believed that peripheral immune cell activation participates in AD pathogenesis [28] . In the current preliminary study, we analyzed two reactions of innate immunity, i.e., ex vivo PBLs resistance to viral infection, and cytokine production by PBLs from AD patients before and after proline-rich polypeptide complex (PRP) treatment. Needless to say that PRP possesses immunoregulatory properties and is advocated as a nutritional countermeasure to immune dysfunction. For that reason, we assumed that PRP treatment might have a beneficial effect on the activation of peripheral innate immune cells in AD patients, and we investigated its influence on the reactions of innate immune response. Firstly, we observed that investigated PBLs were characterized with different susceptibility to VSV infection. VSV has replicated freely in most of PBLs reaching the titer of 3-4 and more logarithms. This confirmed our latest results that unspecific PBLs resistance is reduced during aging and suggestions that PBLs of AD patients are high susceptible to VSV infection compared to healthy elderly [10, 23] . However, the following investigations allowed us to obtain more interesting data on the degree of PBLs resistance in relation to severity of AD. Patients diagnosed with serious AD were characterized with higher sensitivity of PBLs to VSV infection, while patients with moderate AD showed partial resistance to VSV. Complete resistance of PBLs was noticed among patients with mild AD. Possibly, PBLs resistance should be considered as a promising marker of AD progression.
The next step was to study the cytokine profile of cultured PBLs resistant and susceptible to VSV infection. Statistically significant differences in cytokine production were demonstrated, showing that PBLs which were completely resistant to VSV infection produced higher levels of pro-and anti-inflammatory cytokines: TNF-α, IL-1β, and Il-10 compared to sensitive PBLs. The most meaningful were the results of cultured PBLs (spontaneous cytokine production). Moreover, we noticed that average levels of mentioned cytokines were much higher compared to healthy individuals, which is in agreement with our earlier studies [10, 11, 23] . These results clearly indicated pronounced pro-inflammatory features of PBLs of AD patients. Similarly, the study of Ciaramella et al. [34] showed that AD-linked dysregulation of immune mechanisms may lead to dendritic cell-mediated overactivation of inflammation and impaired antigen presentation. The authors showed pro-inflammatory status of MDDCs as well as monocytes (MDDC precursors) from AD patients in comparison to cells from healthy donors. The observed PBLs resistance to viral infection is related to the infection of specific leukocyte subpopulations, and therefore, the observed level of immune response of PBLs of AD patients may be related to changes in the distribution of leukocytes' subsets and function and/or impaired immune response to harmful stimuli that take place during senescence of the immune system. Another attribute of innate immunity is dependence of the resistance on small amounts of cytokines: interferons and tumor necrosis factor. Based on this, the resistance was found to be individually differentiated and depended on human age [10] . More recent studies of Le Page et al. [35] also have confirmed an impaired response of peripheral immune cells associated with AD development. They showed differentially altered capacity of polymorphonuclear neutrophils (PMNs) in peripheral blood from patients with amnestic mild cognitive impairment and patients with mild AD in response to pathological aggression. However, in those studies, the authors showed that PMNs produced very low inflammatory cytokines (TNF-α, IL-6, IL-1β, IL-12p70) and chemokines in response to LPS stimulation. Additionally, Chen et al. [36] demonstrated alterations in quantity and quality of blood cells, e.g., decreased level of lymphocytes and basophils, which suggested that this may contribute to AD progression. Similar results were obtained by Richartz-Salzburger et al. [37] .
Several research and clinical studies revealed that PRP provides many therapeutic properties from immunomodulatory (in vitro) therapy to effectively enhance procognitive functions in animal models and AD patients [21] . PRP investigated in this study is a dietary supplement commonly recommended to AD patients to improve cognitive functions. It is a complex of peptides with molecular masses from approximately 15 to over 100 kDa. Most of them are proteins with a mass molecule of approximately 19, 28, 35 , and 59 kDa. Less-visible bands represent proteins with a mass molecule of about 15, 26, 32, 72, 85 , and > 100 kDa. Protein content and molecular weight of PRP preparation are shown in Fig. 5 .
Until now, no examinations evaluated influence of PRP treatment on innate immune reactions in AD patients. Our study sheds light on the need for immunomodulatory therapy in AD and indicates potential use of PRP to modulate an innate immune response. PRP tablets that were orally administrated to AD patients in this study are coated with a gastric juice-resistant envelope. This makes the tablets disintegrate and release substances only in the small intestine, protecting the active PRP from the digestive enzymes. Therefore, PRP is absorbed directly from the small intestine preserving its biological activity. It was noticed that PRP from the colostrum is absorbed by the gut-associated lymphoid tissue (GALT) where it may influence the immune system cells [38] . PRP immunoregulatory activity was demonstrated already for certain sequences of the polypeptide as well as for synthetic analogs of active PRP fragments. When PRP was subjected to chymotrypsin digestion and separated by gel filtration, three fractions were obtained. All of PRP fractions retained their immunological activity, especially the shortest one, a nonapeptide (ValGlu-Ser-Tyr-Val-Pro-Leu-Phe-Pro), which showed the full spectrum of the biological effects of PRP [39, 40] .
The study of the effect of PRP from bovine colostrum in AD patients provided interesting results, pointing its possible beneficial, immunomodulatory effects in AD therapy. After 4 weeks of treatment with PRP, we observed an increase PBLs resistance to VSV infection ex vivo in almost all patients or maintain already high PBLs resistance. In general, we observed a compensation of investigated mechanism of innate immunity-PBLs resistance-to an equal level in all patients after PRP treatment. We speculated that this phenomenon might be related to cytokine response by PBLs due to knowing of immune and overall health benefit activities of mammalian colostrum. PRP is not species-specific; however, according to some authors, PRP may display different SDS-PAGE analysis of PRP preparation. PRP were loaded in "PRP" lane of 12.5% polyacrylamide gel. Next, the gel was stained with Coomassie brilliant blue and visualized by using Bio-Rad Gel Doc™ XR+. Line "M" represents protein molecular mass standard immune activities depending on the source and method of isolation [41] .
An immunomodulatory activity of PRP from ovine colostrum (Colostrinin) was shown in several in vitro studies [21, 42] . It was considered as a modest cytokine inducer, IFN-γ and TNF-α, in human PBLs and whole blood cell culture (WBC) [43] as well as IL-6 and IL-10 [40] . Moreover, Colostrinin was investigated for procognitive properties. PRP-treated volunteers showed signs of improvement in mood and cognitive abilities. Respectable studies have been carried out on the potential efficacy of Colostrinin in AD patients. First clinical trials with Colostrinin showed improvement and stabilization of the health status of AD patients [44] [45] [46] . Colostrinin has also shown an antiviral activity in mouse model of resident peritoneal cells [20] . In our study, an improvement of PBLs resistance after PRP from bovine colostrum treatment was not related to changes in any of measured pro-and anti-inflammatory cytokine production. The most important general decrease in TNF-α, IL-1β, IL-10, and IFN-γ production by PBLs of AD patients after PRP treatment was noticed. Initially, we thought that it might be associated with INF-α production, in which large amounts secreted by PBLs after VSV infection were demonstrated [11] . Nevertheless, in vitro studies with PRP did not confirm an inhibition of VSV replication in PBLs (data not shown); thus, we concluded that intracellular activation of IFN-α, the main antiviral agent, pathway was not supported by this preparation. It is worth to mention that such antiinflammatory properties of PRP from ovine colostrum, i.e., inhibition of ROS, NO, and pro-inflammatory cytokine production as well as activation effect on glutathione peroxidase (GSHPx) and glutathione reductase (GSSGR) by human peripheral blood mononuclear cells (PBMC) after LPS stimulation, were observed earlier [47, 48] . Given the in vitro results and lack of significant influence of PRP on IFN-γ production by PBLs in the current study, we suspected that this preparation does not activate IFN signaling. These results prompted us to study the potential effect of PRP on the distribution of leukocyte subpopulations as a possible mechanism of the observed pro-and anti-inflammatory cytokine blanking and innate immune improvement. Indeed, PRP changed the content of particular cell fractions by increasing granulocyte (mostly neutrophils) survival and decreasing propagation of monocytes and lymphocytes. PRP did not exhibit a pro-proliferative activity. It is most likely that PRP treatment increased the resistance/immune response of PBLs and general decrease of cytokine response by several possible ways. First, as the only modest IFN inducer, PRP may influence the intracellular signaling pathways of other cytokines and/or chemokines, which is not investigated in this study. Nevertheless, the general decrease of cytokine production and subduing the excessively developed inflammatory response was noticed after PRP therapy. Possibly, by beneficial effect on neutrophils, PRP induced other than IFNs mechanisms of antiviral response. Neutrophils are the first immune cells engaged to halt a viral infection [49, 50] . Various mechanisms to restrict viral infections may be used by neutrophils, such as phagocytosis, production of cytokines, and antimicrobial agents like ROS, neutrophil extracellular traps (NETs), or direct defensin targeting of viral envelopes, glycoproteins, and capsids as well as inhibition of viral fusion and post-entry neutralization [49, 51] . PRP has been shown to decrease ROS production [52] . It was previously noted, however, that α-defensin HNP-1 can directly inactivate VSV in vitro [53] . Taken together, change in the distribution of PBLs' subpopulation by a decrease in monocyte promotion, the main target cell for VSV, and increase in importance of neutrophils in innate immune response might at least partially explain the beneficial effect of PRP treatment in AD. Studies with much higher numbers of patients and measuring of IFNs as well as a large spectrum of other pro-and anti-inflammatory cytokines and other innate immune mechanisms (phagocytosis, antimicrobial protein activity) are necessary to pinpoint the observed beneficial effect of PRP on investigated innate immune mechanisms in AD patients. This paper elucidates highly important and interesting observations, despite the lack of external controls. Nevertheless, the absence of age-matched healthy subjects as well as a placebo control group should not be considered as our negligence in this study. Firstly, a healthy control group was not essential as this is a before-after study, and secondly, the observed results for AD patients still remain correct and well-founded. The use of placebos is a standard control component of most clinical trials; however, it does not guarantee that it is more effective, or even as effective as an examined agent. It is difficult to conceive that the observed disturbance in blood population distribution after PRP treatment was likely due to a placebo effect. However, our preliminary study results should be followed by larger randomized, placebo-controlled clinical trials in the future.
Nevertheless, still the remaining question is what could be the clinical consequences of the observed results? PRP-induced decreased cytokine production by PBLs may be very important because there are strong evidence for the concept that neuroinflammatory processes are a major risk factor for AD. Neuroinflammation induces inflammatory mediators like cytokines which work to perpetuate the inflammatory cycle, activating microglia, promoting their proliferation, and resulting in further release of inflammatory factors. In this context, it is worth to add that epidemiological studies indicate that non-steroidal anti-inflammatory drugs (NSAIDs) reduce the risk of AD, providing evidence that inflammation mechanisms play a role in this disease. We know that risk for conversion from mild cognitive impairment to the dementia stage of AD is increased in patients with elevated concentrations of the proinflammatory cytokine TNF-α and decreased concentrations of anti-inflammatory transforming growth factor beta (TGF-β) in the CSF. There is a strong need for mechanisms explaining the development of AD to be proposed with some immediate suggestions aimed at treatment interventions. Following this trend, the role of innate and acquired immunity in AD is under intensive study. We found that some therapeutics like PRP seemed to increase the resistance of PBLs, which suggested a positive influence on patients suffering with AD. It is widely accepted that for the development and regulation of innate immunity, many agents (receptors, signaling molecules, cytokines, adhesion molecules, etc.) and mechanisms are involved. Therefore, therapeutic strategies which we proposed using PRP, which induce immunological response, may be viewed as potential treatment. Theoretically, such treatment can decrease infiltration of the rims of senile plaques by immune cells and also lead to a diminution in the release of cytokines and other soluble factors. In general, recognition that modification of the immune system contributes to pathogenesis of AD opens potential routes to delay its onset and progression. This interesting field of research will serve to identify novel therapeutic targets that may finally lead to a long-awaited victory in the war on AD. According to our opinion, PRP treatment provides an exciting and new opportunity to look into neuroinflammatory processes in AD and shed a new light on the complex interaction within CNS.
Conclusions
Emerging data highlight the role of innate immunity molecules such as complement, class I major histocompatibility complex, and Toll-like receptor system or proand anti-inflammatory cytokines in pathomechanism of neurodegeneration of Alzheimer's type. The access of the peripheral immune system to the CNS is restricted and tightly controlled, but the CNS is quite capable of dynamic inflammatory and immune responses to a wide range of attacks and insults. Some factors such infections, trauma, toxins, stroke, and other stimuli have been reported to generate immediate and short-lived activation of the innate immune system within the CNS. This sensitive neuroinflammatory response is mediated by the activation of native microglial, which results in a phagocytic phenotype and release of inflammatory mediators such as chemokines and cytokines. Our findings supported for the first time that patients with Alzheimer's have a reduced level or deficiency in innate immunity of PBLs that correlated with the severity of the disease. PRP treatment increased the level of innate immunity, measured with PBLs resistance to viral infection, and showed a general decrease in pro-inflammatory cytokines, thereby reducing inflammatory response. Future research on the regulation of inflammatory response and their influence on neurodegeneration could provide significant improvement of repertoire of early diagnostic biomarkers and will also open a new adventure for more effective treatment of neurodegeneration like Alzheimer's disease.
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